The search for micronuclei (MN) in binucleated cells is not always the best choice to recognize microtubule-perturbing agents, as they give rise to (micronucleated) mononucleated cells, mainly via mitotic slippage. We therefore treated peripheral lymphocytes with vincristine (VCR), nocodazole (NOC) and colcemid (COL): (i) to quantify the formation of MN in mononucleated cells and the occurrence of abnormal mitoses (c-anaphases, endoreduplicated or tetraploid metaphases); (ii) to investigate the role of cytokinesis inhibition in determining or modulating the cytogenetic effects induced by the spindle poisons (we used either cytochalasin B (cyt B) or latrunculin A, a cytokinesis inhibitor that acts differently as compared with cyt B); (iii) to assess the ploidy of cells bearing MN by fluorescence in situ hybridisation (FISH) analysis; and (iv) to evaluate the levels of the mitotic arrest deficient (MAD2) protein, that blocks the cell at the metaphase-anaphase transition, by immunoblotting. We observed the induction of numerous abnormal mitoses and tetraploid interphase nuclei, as well as of MN in mononucleated cells, a high percentage of which had a diploid complement. We also found that the effects were generally not dose but chemical dependent, where NOC was proven to be more effective than COL and VCR in inducing overall MN formation and, specifically, diploid micronucleated lymphocytes. Aneugens damaged cells to a greater extent in the presence of cytokinesis inhibitors rather than in their absence. MAD2 protein was expressed in controls to an extent reflecting the amount of lymphocytes which were initially in the G2/M transition phase. The same trend was seen in aneugen-treated cells where MAD2 levels decreased with increasing spindle poison concentration. Here, we demonstrate that micronucleated mononucleated cells and aberrant mitoses can be considered useful markers of exposure to aneugens-like spindle poisons causing preferentially, but not exclusively, mitotic slippage. Assessment of MAD2 levels can be used to confirm the cell-damaging activity of the compounds.
Introduction
In humans, the presence of cells with an altered chromosome complement can lead to severe outcomes, independent of what cell type is affected. In somatic cells, for example, aneuploidy is a hallmark of chromosome instability which is, in turn, a fundamental step in the carcinogenesis process. Also polyploid cells are involved in tumour development, and a connection between tetraploidy and cancer promotion via the generation of aneuploid cells has been recently described (1) , pointing out on the fact that the tetraploid status would allow cells to survive, thus escaping the apoptosis signal (2, 3) . Several chemical compounds that interfere with the proper functioning of the mitotic spindle apparatus are able to induce aneuploidy and/or polyploidy, mainly altering chromosome segregation or completely arresting cell division (4) . Among well-validated genotoxicity in vitro assays, the search for micronuclei (MN) within proliferating and cytokinesis-blocked cells [cytokinesis-blocked micronucleus (CBMN) assay] is routinely used to identify clastogenic and aneugenic agents (5, 6) . In the presence of an actin inhibitor such as cytochalasin B, binucleated cells, i.e. cells that divided once, represent the target for MN count, while monoor plurinucleated cells are considered cells that either have not yet completed the first cell cycle or underwent two divisions, respectively. Moreover, due to their particular mechanism of action, aneugens-like spindle poisons are known to generate mononucleated cells that can contain or not an MN. In the context of the CBMN assay, the occurrence of an MN within a mononucleate is a quite intriguing event, mainly because a cell division is required for MN induction, but mononucleates are defined as not yet divided cells. As detailed elsewhere, several mechanisms have been proposed to account for the origin of a micronucleated mononucleated lymphocyte (7) (8) (9) . This cell can represent: (i) a lymphocyte in which the MN was formed during the last division as lymphoblast and that fails to divide in vitro; (ii) a particularly fast cycling cell that divides before cytochalasin B addition; (iii) a cytochalasin B-insensitive cell that gives rise to two normal mononucleated cells; (iv) the consequence of mitotic slippage, the phenomenon by which a mitotically arrested cell escapes the block and re-enters the cell cycle (10) thus originating a tetraploid cell due to failure of cytokinesis. In this context, the mitotic arrest deficient (MAD2) protein, which belongs to the spindle assembly checkpoint (SAC), is known to play a key role arresting the cell at the metaphase-anaphase transition by degradation of Cdc20, the main activator of the anaphase-promoting complex. MAD2 acts as a molecular switch of the checkpoint, monitoring the correct assembly of chromosomes to the mitotic spindle (11) (12) (13) (14) , thus preventing the instauration of genomic instability and carcinogenesis (15) . Another major concern refers to chromosome content of micronucleated mononucleates, i.e. if they have a diploid or a tetraploid complement, as expected, for example, from the occurrence of mitotic slippage (8) .
All together, these considerations lead to state that the response of aneugens-like spindle poisons, as evaluated by the micronucleus assay, is a quite complex event. Consequently, it is our opinion that there might be a possible underestimation of this potential, especially when testing novel and/or unknown chemical compounds. Thus, we performed an in vitro cytogenetic study treating human peripheral lymphocytes with three microtubule-perturbing agents (vincristine, nocodazole and colcemid). This has been done to assess the suitability of the above-mentioned endpoints in the CBMN assay. In this view, we scheduled to (i) investigate the response of the cells when their proliferation is stressed by the presence of spindle poisons, quantifying formation of mononucleates with MN and searching also for the presence of abnormal mitoses such as c-anaphases, endoreduplicated or tetraploid metaphases (metaphase analysis); (ii) attempt to clarify the nature and origin of mononucleates with and without MN assessing the ploidy of these cells by fluorescence in situ hybridisation (FISH) interphase analysis; (iii) evaluate the role of cytokinesis inhibition in determining or modulating the cytogenetic effects induced by the spindle poisons in the presence of latrunculin A, another cytokinesis inhibitor that blocks polymerisation of the actin microfilaments differently than cytochalasin B, or in their absence; (iv) assess the levels of the key protein MAD2 and its fluctuation in the aneugen-treated cultures by western blotting.
Materials and methods

Cytogenetic assays
Cell cultures, mutagen treatment and cell harvesting Heparinised peripheral blood samples were obtained by venipuncture from two healthy 23-to 26-yearold non-smoking and properly informed male donors. The study was performed according to the Ethical Committee of the Pisa University. Two experiments, consisting of a series of four independent cultures per experimental point (two for cytogenetic and FISH analyses) were performed for each experimental condition used, i.e. stimulated T-lymphocytes cultured in the presence and absence of cytochalasin B (cyt B) or latrunculin A (lat A). All cultures were then incubated at 37°C for 72 h after adding 0.3 ml of whole blood to 4.7 ml RPMI-1640 medium (Invitrogen, Milano, Italy) supplemented with 20% foetal bovine serum (Invitrogen), 1.5% phytohaemagglutinin (Invitrogen) and 1% antibiotic/ antimycotic (Invitrogen). Four additional cultures designed for western blotting analysis of MAD2 expression were set up with separated lymphocytes. Lymphocyte separation was achieved by diluting 3 ml of whole blood at a ratio of 1:1 in sterile phosphate-buffered saline (PBS), and then stratifying the resulting solution on an equal volume of the density-gradient medium Histopaque (Sigma-Aldrich, Milano, Italy). After 30 min of centrifugation at 2000 r.p.m., the monolayer leukocyte ring was carefully harvested, washed in sterile PBS to remove any trace of Histopaque, and re-suspended in fresh medium at a cell density of 0.5 × 10 6 /ml. After 24 h, the cultures were treated for the remain culture time (48 h) with five mutagens, the three aneugens vincristine sulphate (VCR; Sigma-Aldrich), colcemid (COL; Invitrogen) and nocodazole (NOC; Sigma-Aldrich), and the two reference clastogens bleomycin sulphate (BLM, 15 000 UI from Nippon Kayaku, Sanofi-aventis, Milano, Italy) and mitomycin C (MMC; Sigma-Aldrich) at the following final concentrations: VCR: 0.01, 0.02 and 0.04 µM; COL: 0.14, 0.27 and 0.54 µM; NOC: 0.5, 1 and 2 µM; BLM: 2.5 µM; MMC: 0.6 µM. All mutagens were dissolved in sterile H 2 O, except NOC, which was dissolved in dimethyl sulfoxide. The dose ranges of the spindle poisons used in the present study were selected on the basis of preliminary experiments in which each aneugen was tested until a consistent cytostatic effect was achieved. Control cultures not receiving mutagens were also set up according to the maximum concentration of solvent used (dimethyl sulfoxide, not exceeding 1% final concentration). Cyt B (Sigma-Aldrich, 6.0 µg/ml final concentration,) or lat A (Sigma-Aldrich, 0.5 µM final concentration) was added at 44 h to all cultures to block cell cytokinesis. Preliminary experiments allowed us to calibrate the optimal lat A concentration to be used in the main experiments in order to reproduce the same efficacy in cytokinesis block of cyt B without altering the division of cycling cells. In the case of MAD2 western blotting analysis, cultures of separated lymphocytes were treated with NOC 0.5 µM, VCR 0.02 µM and COL 0.14 µM and harvested at both 44 h (before cyt B addition) and 72 h (after cyt B addition). Additionally, the possible occurrence of a dose-dependent expression of MAD2 was investigated only for NOC which was added to cultures also at 0.1, 0.05 and 0.01 µM final concentration.
Cell harvesting was carried out according to standard procedures as described elsewhere (16) , except for cultures designed for western blotting (see Determination of MAD2 expression by immunoblot analysis). After hypotonic treatment with 0.075 M KCl, lymphocytes were pre-fixed in acetic acid:methanol 5:3, fixed in 100% methanol, washed twice in methanol:acetic acid (7:1 or 9:1), and then dropped onto clean glass slides. The air-dried slides were then stained in 5% Giemsa.
MN and metaphase analysis
According to standard criteria (5), 2000 (1000 cells per culture) mononucleated (in all mutagen-treated cultures) and binucleated cells (only in the case of clastogens) were scored, on coded slides from each experimental point, for the presence of MN using an optical microscope equipped with a 40× objective (400× final magnification). Nuclear buds can resemble MN (they have the same morphology of an MN with the exception that they are connected to the nucleus by a stalk of nucleoplasmic material) but they originate from different mechanisms (17), hence we did not include them in the analysis. MN frequency was expressed as the number of micronucleated mononucleates (or binucleates) per 1000 mononucleated (or binucleated) scored cells (MNmono or MNbi, respectively). In the same slides stained for MN analysis, a qualitative/ quantitative metaphase analysis was performed scoring a total of 200 (100 per culture) mitotic cells for each experimental point under an oil-immersion 100× objective (1000× magnification), and classifying them into normal mitotic cells, classical c-metaphases and aberrant mitoses, this including c-anaphases, endoreduplicated and/or tetraploid metaphases. The results of the analysis were expressed as percentage of each class of mitotic cells.
FISH analysis
A fluorescein isothiocyanate (FITC)-conjugated DNA probe (LiStarFish, Milano, Italy) recognizing the α-satellite DNA located at the centromere of chromosome #12 was used, according to the instruction of the manufacturer, with slight modification. For each slide, 3 ml of probe was added to 7 ml of hybridization buffer, mixed well, denatured at 70°C for 5 min and immediately cooled on ice until use. Slides were denatured in 70% formamide 2× SSC (saline-sodium citrate buffer), pH 7.0, at 72°C for 2 min, followed by dehydration in an ethanol series. The probe was placed onto each denatured slide under a 22 × 22 mm coverslip. After sealing with rubber cement, slides were allowed to hybridize overnight at 37°C in a moist chamber. After carefully removing the rubber cement with a syringe needle and washing the slides in 2× SSC 0.5% Tween 20 (Sigma-Aldrich), post-hybridization washes were performed first in 0.4× SSC 0.1% Tween 20 at 73°C for 2 min and then in 2× SSC 0.5% Tween 20 at room temperature for 1 min. The slides were then allowed to air dry and mounted in 0.4% 4ʹ,6-diamidino-2-phenylindole (DAPI) antifade solution (Vectashield; LiStarFish) to counterstain the unlabeled DNA. The centromere of each chromosome #12 was seen as a green fluorescent spot within the blue-stained interphase nucleus. The ploidy of mononucleated cells (2N or 4N) was determined by analyzing 1000 hybridized interphase nuclei under an oil-immersion 100× objective (1000× magnification) of a Nikon-Optiphot-2 microscope equipped with the proper filters for FITC and DAPI visualization. On the basis of the fluorescent signals displayed, nuclei were classified as diploid (two spots) or tetraploid (four spots). According to the same criteria, the ploidy of 100 MNmono cells was also evaluated for each experimental point, and the ratio between 2N and 4N nuclei was calculated. As we observed a non-dose-dependent induction of MN in mononucleates, the percentage of MNmono for each aneugen was expressed as mean of the values obtained from the three doses used. Of course, we did not perform MN fluorescence analysis in clastogen-treated cultures due to the lack of appreciable MNmono induction (18) . Figure 1 shows photographs of treated lymphocytes, obtained from all cytogenetic analyses, displaying mitotic and interphase anomalies.
Determination of MAD2 expression by immunoblot analysis
Cell harvesting was performed after maintaining culture tubes on ice and centrifuging them at 4°C in a refrigerated centrifuge. Lymphocytes were washed once in 0.075 M KCl, twice in PBS and then resuspended in 40 µl of lysis buffer to prevent protein degradation (25 mM HEPES, pH 7.7, 400 mM NaCl, 0.5% Triton X-100, 1.5 mM MgCl 2 , 2 mM dithiothreitol containing leupeptin 4 µg/ml, aprotinin 1 µg/ml and phenylmethylsulfonyl fluoride 1 mM as protease inhibitors; Sigma-Aldrich). Cell pellets were kept at −20°C until assayed. Protein concentrations were determined using the bicinchoninic acid method, following the manufacturer's instructions. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis was performed essentially as described by Laemmli (19) , with 5% acrylamide for the stacking gel and 12% acrylamide for the separating gel. The proteins were transferred to nitrocellulose sheets (Bio-Rad Laboratories, Inc., Milano, Italy) following the method of Towbin et al. (20) . Immunodetection was performed employing anti MAD2 antibody (Bethyl Laboratories, Bologna, Italy). Detection was obtained by peroxidase-labelled anti-rabbit IgG and BM Chemiluminescence Blotting Substrate (POD; Roche, Milano, Italy). The acquisition and analysis of images were carried out with a Chemi-Doc apparatus (Bio-Rad Laboratories).
Statistical analysis
Statistical elaborations were performed by the STATGRAPHICS Plus version 5.1 software package (Statistical Graphics Corporation, 2001, Rockville, USA), using the Dunnett's test, which performs a multiple comparative calculation of the MN frequencies (in both mononucleates and binucleates), of the percentage of aberrant metaphases, of the ratio between 2N to 4N mononucleates (with or without MN) from treated versus control cultures. When required, comparisons among doses within the same treatment or between two different experimental situations were performed using the one-way analysis of variance followed by Bonferroni's post test for multiple comparisons or the χ 2 test with Yates' correction.
Results
MN assay
At the concentration ranges chosen for the main experiments, the number of binucleated cells, the majority of which contained MN, was generally very low: never exceeded 2% of the total cells scored in the COL-and NOC-treated cultures and 15% for VCR. This fact prevented us from performing a complete MN screening in these cells, thus we only show data on the scoring of MN within mononucleated lymphocytes. In the case of clastogens, we performed MN count in both bi-and mononucleated cells. Figure 2 displays the results of MN assay after the 48 h treatment of lymphocyte cultures with the three spindle poisons and the reference clastogens. MNmono frequencies of all mutagens in the presence of cyt B or lat A are visualized by white or pale grey columns, respectively. Grey columns depict both MNmono levels for aneugens in the absence of cytokinesis inhibition and MNbi frequencies for clastogens in the presence of cyt B. MNbi levels of clastogens treated with lat A are visualised by dark grey columns. All aneugens induced, in the presence of cyt B, a significant (P < 0.001), but not dose dependent, increase in the spontaneous level of MNmono (0.8 ± 0.2‰), the maximum mean frequencies being 27.0 ± 3.7‰, 48.3 ± 4.1‰ and 78.7 ± 11.3‰ for VCR 0.02 µM, COL 0.54 µM and NOC 1 µM, respectively. Also in the presence of lat A, the three aneugens significantly increased (P < 0.001) the basal frequency of MNmono (1.0 ± 0.4‰) at all the tested doses. Only in the case of VCR we observed a dose-dependent trend (from 13.5 ± 1.5‰, at 0.01 µM to 24.5 ± 3.6‰ at 0.04 µM), while COL and NOC showed the highest MNmono value at the lowest dose (44.0 ± 2.4‰ and 65.0 ± 6.9‰, respectively). When lymphocytes were treated without addition of cytokinesis inhibitors, MNmono levels of all the tested concentrations were significantly different from that of control cultures (0.7 ± 0.3‰, P < 0.001), even though MN induction was lower with respect to cyt B or lat A. The maximum mean frequencies were obtained at VCR 0.02 µM (21.5.0 ± 2.9‰), COL 0.54 µM (35.5 ± 4.1‰) and NOC 2 µM (58.8 ± 5.0‰). Both MMC and BLM increased significantly (P < 0.001) the basal level of MNbi either in the presence of cyt B (52.0 ± 2.7‰ and 22.0 ± 3.7‰ vs. 4.5 ± 1.3‰) or lat A (46.0 ± 4.8‰ and 29.0 ± 4.4‰ vs. 6.5 ± 0.7‰), whereas MNmono mean frequencies did not differ from that of control cultures. As a consequence of this, lymphocytes were not treated with clastogens without cyt B or lat A: due to the dilution factor operated by the lack of cytokinesis inhibition, it is obvious that the expected frequencies would have been lower than adding one of the two compounds.
Metaphase analysis
The proportion of normal mitotic cells versus c-metaphases and abnormal mitotically arrested cells (i.e. c-anaphases, endoreduplicated and 4N metaphases) is graphically visualized in Figure 3 (panels a, b and c for lymphocyte cultures treated in the presence of cyt B, lat A and without cytokinesis inhibitors). Compared with control cultures that received cyt B (93% and 7% of normal mitotic figures and c-metaphases, respectively), all the three aneugens induced severe mitotic arrest in a non-dose-dependent fashion, as depicted by the decrease in the number of normal mitotic cells in favour of a consistent occurrence of c-metaphases and abnormal mitoses: these values, which reflect different quantitative contribution from aneugens, were, on average, approximately 35% and 65% for VCR or COL, and about 60% and 40% for NOC. The results obtained when lat A was added instead of cyt B to aneugen-treated and control cultures were once again almost entirely overlapping, as shown by columns of panel b. Also without cytokinesis inhibition, the distribution pattern of mitotic cells was comparable, even though, in general, the percent of c-metaphases and abnormal mitoses were observed at a slightly lower extent. In particular, the percentages of abnormal mitotic cell decreased, on average, to 55%, 61.5% and 33.5% for VCR, COL and NOC, respectively. Interesting, when abnormal mitoses were viewed separately for each type, we detected also qualitative differences in the induction of mitotic arrest among the three spindle poisons. In fact, at least 71% and 84%, of abnormal mitoses induced by VCR and COL were c-anaphases, while less than 30% of these were induced by NOC. Cultures treated with clastogens did not present evident sign of mitotic arrest as the proportion of mitotic cells was approximately similar to that of control cultures (5-6% of c-metaphases and no abnormal mitosis). However, both mutagens (mainly BLM) showed a little percentage of aberrant mitoses (1-2% and 3-4% for MMC and BLM, respectively).
FISH analysis
The distribution of interphase nuclei with diploid or tetraploid chromosome content is shown in Figure 4 (panels a, b and c for lymphocytes treated in the presence of cyt B, lat A and without cytokinesis inhibitors). At all the concentrations tested, the three aneugens significantly increased (P < 0.001) the percentage of cells with four copies of chromosome #12 from 0.8% (basal level) up to 50%, starting from a minimum of 24.5%. The observed increase was not dose dependent, and it occurred approximately to the same extent both in the presence and absence of cyt B or lat A. In addition, the frequencies of 4N nuclei were always lower than those of 2N nuclei, even though with some difference among the spindle poisons. VCR and COL were more effective than NOC in inducing 4N cells, in fact the highest percentages were 48.5%, 50% and 35.5% at VCR 0.04 µM, COL 0.27 µM and NOC 2 µM, respectively (all doses in the absence of cytokinesis inhibitors). As expected, clastogen treatment did not induce a significant proportion of 4N nuclei as compared with control cultures, although cultures treated with MMC and BLM displayed, in the presence of cyt B, 3.5% and 4.5% of tetraploid nuclei, respectively. Figure 5 reports the results of the interphase fluorescence analysis, performed on mononucleated cells containing MN (MNmono), in order to establish their chromosome complement after treating lymphocyte cultures with the aneugens in the presence of cyt B, lat A or without cytokinesis inhibitors. We never detected less than 37% of diploid MNmono in all treated cultures (the complementary percentage of tetraploid MNmono cells ranged from 40% and 63%). In addition, for each spindle poison, the percentages of mononucleated diploid and tetraploid nuclei did not vary among the three experimental conditions, while they slightly differed from one aneugen to another. In fact, if we consider the average ratio of 2N to 4N MNmono (obtained pooling together the three values), NOC ratio (1.2) was significantly higher (P < 0.05) than COL ratio (0.6), while we did not observe any statistically significant difference with VCR (0.9). Figure 6 (panel a and b) displays the levels of MAD2 in control and aneugen-treated cultures when cells were allowed to proliferate until the addition of cyt B (at 44 h from the start of culture) and under cytokinesis inhibition (at 72 h from the start of culture). As clearly showed in panel a, MAD2 expression was, as expected, generally higher at 72 h than harvesting cells at 44 h, irrespective of the treatment performed (i.e. in both control and treated cultures). As compared with the respective untreated cultures (lines 1 and 2), we observed lower protein levels in all the corresponding treated cultures with no difference in MAD2 expression at NOC 0.5 µM, COL 0.14 µM or VCR 0.02 µM. Panel b shows that, at each harvesting time, MAD2 levels in NOCtreated cells, progressively decreased with increasing NOC concentration. 
Western blot analysis
Discussion
The prolonged in vitro treatments of peripheral lymphocytes with spindle poisons induced elevated frequencies of abnormal mitoses, tetraploid interphase nuclei and micronucleated mononucleated cells, a high percentage of which had a diploid complement. We also found that the magnitude of the observed effect was generally not dose-but chemical-dependent, where NOC was proven to be more effective than COL and VCR in inducing overall MN formation and, specifically, diploid micronucleated lymphocytes. Additionally, all aneugens damaged the cells to a greater extent in the presence of cyt B or lat A rather than in their absence. Together with the well-known ability of the two clastogens BLM and MMC to produce MN in binucleated cells, quite unexpectedly, BLM induced some mononucleated cells with MN and a small fraction of aberrant metaphases. These findings could be suggestive of a behaviour of BLM also as weak spindle poison. In partial agreement with the present data, a recent paper showed that BLM was able to induce elevated frequencies of MN in mononucleated cells from cytochalasin B-blocked cultures of the HMEC-1 cell line (21) . Despite the possibility that BLM can intrinsically affect, even though to a very small extent, chromosome segregation, we think that the different magnitude of the observed effect is attributable mainly to the cell type characteristics (immortalized microvascular endothelial cells vs. circulating lymphocytes). Collectively, our data are in substantial agreement with previous reports in which reference genotoxic agents were tested in the CBMN assay for MN induction in binucleates or mononucleates, both in the presence or absence of cyt B block. Although different cell systems and modality of treatment were used, aneugens induced a dose-dependent micronucleation also (or preferentially) in mononucleates, while only clastogens in binucleates (18, 22) . The lack of a dose-dependent response to aneugen treatment can probably be a consequence of the higher concentration ranges, appositely chosen to cause mitotic arrest in whole blood cultures, which differ by those used by other authors either in genotoxicity testing on separated lymphocytes or to synchronize proliferating cells (3, 23, 24) . The fact that all damaged cells, which were allowed to complete correct cell division, including cytokinesis, were undistinguishable by undamaged (divided or delayed) cycling cells could account in minimal part for the underestimation of micronucleated cells observed without cytokinesis inhibition. In fact, under our treatment conditions, only a very small percentage of lymphocytes became binucleated, which is the stage where the two daughter cells share the damage occurred in the progenitor cell. However, both vinblastine and diethylstilboestrol were able to effectively induce MN in mononucleated Chinese hamster ovary cells when assayed with and without cytokinesis block (25) .
From a qualitative point of view, the block of lymphocyte proliferation by the aneugens led to a different pattern of mitotic cell classes depending on the spindle poison used; COL and VCR, in fact, induced much more c-anaphases than NOC. The proportion of the identified mitoses should reflect the modality of execution of the MN assay that envisages the continuous presence of the mutagens until cell recovery, and/or the fact that the initial lymphocyte population was not synchronized in each culture. Hence, it is also conceivable that the rate of aberrant mitoses could have been different if cells were allowed to make another cell division in the absence of the spindle poisons as, indeed, reported by other authors (26) (27) (28) . However, our data are in agreement with the results of interphase FISH analysis, as it is known that c-anaphases could progress, at the following mitosis, to cells with a tetraploid status, especially in the form of diplochromosomes. Thus, the minor the proportion of mitotic cells which was released to form 4N lymphocytes, the major the proportion of interphase cells that could undergo chromatid/chromosome malsegregation.
The lack of a cleavage furrow, in heavily impaired mitoses following spindle poison treatment, has been shown to favour fusion of the two chromosome sets to generate prevalently polyploid nuclei without MN (29) . Mitotically perturbed cells would become tetraploids also because they are unable to maintain the size of all spindle components at the right proportion, e.g. the surface area of the spindle pole doubles whereas spindle length remains unaltered (1). However, the major proportion of 4N interphase cells we found in cultures not given cyt B, could be the result of an increase in the general cytotoxicity due to the concomitant presence of aneugens with cyt B. Probably, a part of arrested mitotic lymphocytes died before its harvesting, either avoiding to undergo mitotic slippage or undergoing rounds of DNA replication without cell division following mitotic slippage (30) . On the other hand, the occurrence, in the same cultures, of a high number of diploid micronucleated mononucleated cells is more complex to explain. In fact, as the function of an inhibitor of the actin ring is just to block cytokinesis, cells undergone anaphase lagging and subsequently mitotic exit, should give rise to tetraploid cells with an MN (7, 23, 31) . As previously mentioned, these lymphocytes either could be divided quickly before cyt B addition or be constitutively insensitive to cyt B. An early report indicated that cyt B addition to lymphocytes treated with 10-25 nM colchicine counteracted chromosome missegregation decreasing MN formation: in the absence of the actin ring, the distance between the poles was shortened and laggard chromatid/chromosome would be more easily sequestered by the nearest chromosome set rather than enclosed into an MN (29) . Very low doses of spindle poisons, in fact, are known to cause preferentially chromosome nondisjunction, not micronucleation (32) . With regard to the presence of particularly fast cycling cells, we recorded a very small percentage of binucleated cells only in untreated but not in VCR-, COL-or NOC-treated cultures, harvested at 44 h, after that cyt B was added at 24 h (data not shown). Thus, we excluded the possibility that a significant number of treated lymphocytes, under the experimental conditions used in the present study, completed one normal cell cycle within 44 h. Insensitivity to cytB has been reported to be enhanced by certain spindle poisons but was also seen in the absence of spindle poisons (8) . However, physiological insensitivity to a cytokinesis inhibitor is very difficult to demonstrate under the present experimental conditions, as the fraction of the cell population eventually affected, irrespectively of any treatment, will appear always mononucleated. Consequently, these lymphocytes would be indistinguishable by the not yet divided counterpart, even though they have already completed one cell cycle. It cannot be ruled out therefore that, once again, the contemporaneous presence of antimitotic agents and cyt B favoured the induction of the observed effect. Microtubule perturbing agents are known to cause mitotic slippage and lead to lowered frequency of micronucleated binucleate cells, that is generally accompanied by a marked increase in the proportion of (damaged and undamaged) mononucleated lymphocytes (7, 9) . Thus, in order to test whether or not the combined action of both chemicals would have increased the probability of cytokinesis block failure and chromosome malsegregation in lymphocytes with damaged spindle, we substituted cyt B with lat A. Cyt B interferes with the process by which globular cytoplasmic actin aggregates into actin microfilaments binding to their ends (33) , while lat A acts sequestering monomeric actin to form an actin-lat A complex which prevents cell cytokinesis (34) . However, the results obtained were substantially comparable in all cytogenetic evaluations, even though the extent of the induced effect was generally higher in the presence of cyt B as compared with lat A or in their absence. Additionally, experiments not shown assured us that cyt B or lat A did not induce per se MN formation in mononucleated cells or apoptosis/necrosis when added at 44 h to untreated cultures. All together, these findings would talk in favour of a general (not compound specific) constitutive insensitivity of lymphocytes to cytokinesis inhibitors, although, as above mentioned, we cannot quantify it. It is therefore likely that a spindle disrupting agent could (i) compete with a cytokinesis inhibitor, independently of its mechanism of action, for target binding sites in the actin contractile ring, and/or (ii) determine spatial engulfment (steric hindrance) within the cytoplasm with the consequence to further impair the already encumbered chromosome movements. In this context, cyt B and colchicine or cyt B and NOC were proved to inhibit, respectively, staurosporine-induced homotypic aggregation in U937 cell line or glucose uptake in GLUT2-IEC cells (35, 36) . These findings suggest that inhibitors of different cytoskeletal activity (contractile ring and microtubules) can effectively modulate the same cellular function. In light of these considerations, we infer that spindle poisons can be also able to induce cytokinesis block failure. Thus, the high proportion of diploid micronucleated mononucleated lymphocytes we found has been generated by different mechanisms, even though it is very difficult to quantify the contribution of each single pathway.
Spindle poisons affect cell proliferation leading to a different pattern of response depending both on the cell type and the chemical used. The fate of the cells to remain arrested at metaphase-anaphase transition and then die or exit mitosis re-entering cell division via mitotic slippage, results from a complex balance between how the microtubule network is definitely impaired and how the cells are allowed to reassemble in some way microtubules so that kinetochores can attach to a reconstituted, even though abnormal, spindle. In fact, it has been demonstrated that at certain concentrations NOC, COL and vinblastine, like the microtubule-stabilizing anticancer drug taxol, are able to prolong mitosis rather than arrest it (37) . In addition, cells treated with spindle poisons could escape mitotic block activating the SAC via cyclin B destruction also in the absence of properly assembled microtubules (10) . However, in the context of the cell-fate decision, somatic cells, which can initiate programmed cell death after prolonged, but transient, mitotic block and mitotic-slippage, contained higher level of phosphorylated Rb and p53 proteins than cells destined to progress, under the same conditions, to anomalous cell cycles (38) . The depletion of MAD2, in fact, led HeLa cells to extensively abolish the NOC-induced apoptosis, although cells with a deficient SAC, independently of the duration of the mitotic arrest or slippage, showed equally an activated p53 protein (39, 40) . Immunoblot analysis reveals that MAD2 protein, as the consequence of spindle checkpoint activation, was expressed in control cultures at an extent reflecting the amount of lymphocytes which were initially in the G2/M transition phase. The same temporal (72 h vs. 44 h) trend was seen in aneugen-treated cells, where MAD2 levels decreased with respect to either untreated cells or increasing spindle poison concentration. MAD2 is required to prolong prometaphase, in cooperation with other SAC proteins, until all kinetochores attach properly to microtubules to complete chromatid separation and migration (11, 12, 41) . The MAD2-mediated inhibition of Cdc20 plays, in fact, a central role in suppressing genomic instability and carcinogenesis, as indicated by both the high proportion of aneuploidy cells and increased rate of spontaneous lung adenomas developed by mice carrying a mutant MAD2 allele (42) . Severe mitotic arrest induced by spindle poisons inhibits DNA transcription and causes ubiquitination and progressive degradation of proteins involved in spindle checkpoint (cyclin B and MAD2) that in turn would force blocked cells to exit mitosis via mitotic slippage (23, 31) . For example, prolonged NOC treatment allowed HeLa cells to undergo re-replication and abnormal mitosis after the polyploidy status was induced following mitotic exit (39) . The reduction of MAD2 levels found in aneugen-treated cultures concords therefore with our cytogenetic and FISH data that clearly show the occurrence of high levels of genetically instable (tetraploid/aneuploid) lymphocytes and of aberrant mitoses. In this view, cells unable to sustain mitotic arrest, down-regulated MAD2 and accumulated 4N-DNA from the 2N-DNA cells which became tetraploids (43) . Furthermore, a decreased expression of this protein was observed in human cancer and noncancer cell lines treated with agents inducing micronuclei and mitotic aberrations (44) .
Conclusions
The present work confirms that prolonged in vitro treatment with the microtubule perturbing agents COL, VCR or NOC damages severely human lymphocytes to mainly form MN in mononucleated cells with a diploid or tetraploid complement. As pointed out elsewhere, treated cells undergo mitotic slippage which allows them to escape the apoptosis signal and survive generating polyploidy and subsequently aneuploid cells (31, 45) . Interesting, tetraploid cells were also proven to be more sensitive to genotoxic agents than diploid cells; this, in turn, may increase the genomic instability of cells undergoing neoplastic transformation or of tumour cells which are under the action of cytostatic anticancer drugs like spindle poisons (46) . We also postulate that formation of MN in mononucleated lymphocytes with diploid complement is the results of a complex pathway to which different mechanisms concur synergizing each other. These include the occurrence of mitotic slippage, but spindle poisons could also induce functional inactivation of cytokinesis inhibitors, or they may themselves cause cytokinesis block failure, in those lymphocytes completing telophase. Moreover, it is likely that a fraction of the cell population is constitutively refractory to cytokinesis inhibition. Thus, a central issue lies in the fact that unknown chemical molecules mimicking spindle poisons, which are known to prevent formation of binucleated cells, could not be always recognized by applying the standard version of the CBMN assay. In this view, ochratoxin A, a potent rodent renal carcinogen, has been recently shown to be non-genotoxic whereas it affected severely the mitosis of human lymphocytes and renal epithelial cells (27, 47) . Indeed, other authors have already recommended not to neglect the search of these cytogenetic endpoints as distinctive signs of the presence of aneugens causing mitotic slippage, although with the main intent to detect the basal level of genomic instability accumulated in vivo (5, 9) . However, as demonstrated here by us and by other studies performed in different cell systems (18, 22, 48) , assessing the levels of MN in mononucleated cells and of aberrant mitoses allows the in vitro CBMN assay to properly reveal exposure to spindle poisons. Immunoblot analysis of MAD2 protein levels can also be performed to confirm the cell-damaging activity of these compounds. This may be of relevance for human health, as microtubule-perturbing chemicals form one of the most effective classes of anticancer drugs (4) . In this context, the present methodological approach allows to perform in vitro studies that could be utilized in the discovery of new chemotherapeutic agents.
